Tagmatarchis,* [c] Chris Ewels* [b] and Hermann A. Wegner* [a] Abstract: The complex of [10] cycloparaphenylene ([10] CPP) with bisazafullerene (C59N)2 is investigated experimentally and computationally. Two [10] CPP rings are bound to the dimeric azafullerene giving [10] CPP⊃(C59N)2⊂ [10] CPP. Photophysical and redox properties support an electronic interaction between the components especially with the second [10] CPP bound. Unlike [10] CPP⊃C60, where there is negligible electronic communication between the two species, upon photoexcitation a partial charge transfer phenomenon is revealed between [10] CPP and (C59N)2 reminiscent of CPP encapsulated metallofullerenes. Such an alternative electron-rich fullerene species demonstrates C60-like ground-state properties and metallofullerene-like excited-state properties opening new avenues for construction of functional supramolecular architectures with organic materials.
Supramolecular chemistry can arguably be regarded as the most essential mechanism of life. [1] While Nature brilliantly employs the various concepts in supramolecular chemistry to achieve function, the creation of artificial systems is still hampered by a lack of knowledge to control molecular assemblies. [2] Although tremendous progress has been achieved in recent years, [3] e.g. in the preparation of rotaxanes, [4] knots, [5, 6] switches [7] or machines, [8] there are still many unexplored ways to tie and let interact two or more individual molecules together. Besides hydrogen bonding, ion pairing or metal complexes, π-π interactions have recently gained much attention due to the potential in building molecular architectures for electronic applications. [9] Notably, cyclic π-conjugated species composed of multiple aromatic rings, cycloparaphenylenes (CPPs), [10] [11] [12] with diameter in the nm range have emerged as model systems to study such π-π-interactions under defined conditions. CPPs represent the smallest armchair carbon nanotube (CNT) segment, [13] hence, offering unique opportunity to gain fundamental insights for the design and preparation of devices with controlled structure, chirality and electronic properties.
Regarding the supramolecular chemistry of CPPs, only the preparation of a few 1:1 complexes of CPPs with fullerenes has been accomplished. Remarkably, in those complexes, high sizespecificity of the CPP, based on the number of conjugated aromatic rings, is identified directly related with the size of the carbon cage. [14] [15] [16] [17] [18] [19] For example, in [10] CPP⊃C60, the best fit of
[10]CPP, with 1.4 nm diameter, was for C60 [14, 15] as well as Li@C60 [16] and [11] CPP, with 1.5 nm diameter, for C70 [17] as well as La@C82, [18, 19] respectively. Although the association of the CPP species and empty fullerenes is mainly developed via multiple van der Waals forces, in the case of endohedral fullerenes Li@C60 and La@C82 charge-transfer interactions are also prevalent. Beyond CPPs, the tubular macrocycle [4] cyclo-2,8-chrysenylene was employed to complex with C60 [20, 21] as well as to form a supramolecular host-guest system with the dumbbell-shaped dimer (C60)2 in 2:1 ratio. [22] In the latter supramolecular system, solely consisting of hydrogen and carbon atoms, the high-reliability for the two receptors selfsorted around the dimeric fullerene cages is facilitated by van der Waals interactions. Motivated by the aforementioned points, the objective of the current work is two-fold, namely to explore different binding modes for CPPs owed to non-covalent aromatic interactions, and to manage charge-transfer processes within the selfassembled architecture (Figure 1 ). Herein, we expand the scope of encapsulating fullerene cages by CPPs by introducing the dumbbell-shaped bisazafullerene (C59N)2 species as an N-doped fullerene analogue of C60, where a carbon atom is replaced by nitrogen. [23] Supporting information for details on spectroscopic studies and calculations for this article is given via a link at the end of the document.
indicating stable complex formation. [15, 16] Markedly, the cooperativity factor α shows a value greater than one (α = 1.45), supporting attractive interactions between the two [10] CPP macrocycles (for calculation see SI).
Additional assays employing variable temperature 1 H-NMR-measurements with different ratios of [10] CPP and (C59N)2 were performed to complement the UV-Vis study. Despite the low solubility of (C59N)2, CD2Cl2 was the only suitable solvent, which allowed analysis as well as cooling to -40 ºC. At 30 ºC, dynamic behaviour is observed, evidenced by a broad band in the range 7.70-7.45 ppm (Figure 2) . Cooling from rt to -20 ºC resulted in distinct, while still broadened, signals. The two larger ones can be assigned to the 1:1 complex (Figure 3a ) compared to [10] CPP⊃C60, consistent with our experimental binding constants, and a net 0.15e charge transfer from [10] CPP to (C59N)2. The calculated migration barrier to exchange between the fullerene cages is rather small (0.2 eV) suggesting the [10] CPP will be mobile between the two fullerenes at rt. The [10] CPP sits on one of the fullerene cages at a 64° angle to the dimer axis. Addition of a second [10] CPP also occurs without a barrier (Figure 3d ). While a metastable structure exists with each CPP encapsulating its own fullerene (Figure 3b) there is a strong (1.70 eV) driving force for the CPPs to approach one another (Figure 3c ). This asymmetric configuration, with the CPPs at a tilt of 62° and 68° to the fullerene axis, can be rationalized by a subtle interplay of π-π interactions between the phenyl groups and the fullerene cage, C-H-π interactions [24] of the CPP with the other C59N-unit as well as maximizing London dispersion interactions between the H-atoms (see supporting information). [25] 0.84 V. When excess of (C59N)2 was added, the peak at 0.68 V became stronger than that at 0.88 V. Overall, considering the [10] CPP⊃(C59N)2⊂ [10] CPP complex, the [10] CPP oxidation potential was cathodically shifted by ca. 40 mV, corroborating the easier oxidation of [10] CPP when complexed with the azafullerene. This behaviour is in contrast to the [10] CPP⊃C60 but compares to 20 mV shift observed for Li@C60 [16] confirming the development of charge-transfer phenomena from the CPP to azafullerene seen in the calculations. Interestingly, a second oxidation peak, at even less positive potentials developed corresponding to the oxidation of the second CPP of the [10] CPP⊃(C59N)2⊂ [10] CPP complex, which shows increased charge transfer with its fullerene host, in agreement with our calculated charge states of the [10] CPP pair on the dimer. This splitting is also reflected in the HOMO and LUMO states ( Figure 5 ). While the HOMO and LUMO of the complex are spatially separated on the CPPs and azafullerene respectively, matching the behaviour for the complex [10] CPP⊃C60, there is an upwards shift compared to the separate component units introducing a splitting of the CPP states. The azafullerenecentred reduction peaks were also identified on the [10] CPP⊃(C59N)2⊂ [10] CPP complex, at -1.21, -1.66 and -2.22 V. This anodical shift with respect to those observed for free (C59N)2 shows the more facile reduction processes of azafullerene when complexed with [10] CPP. Notably, the redox potentials for [10] CPP⊃C60 remained unaffected for both [10] CPP and C60, [16] contrasting the current case, which would be better described as a polarized Notably, the absence of emission in the NIR range, i.e. 800-950 nm, corresponding to the azafullerene emission, [26, 27] Concomitantly, emission decay studies based on the timecorrelated single-photon-counting method were performed. In conclusion, we show that bisazafullerene (C59N)2 can be complexed by two [10] CPP macrocycles, with the first one stabilizing the binding of the second by maximizing π-π, C-H-π as well as attractive London dispersion interactions, forming [28] (0.74 mg, 0.97 µmol) was dissolved in 100 mL toluene (9.7 µM) and 0.1 mL of this solution (0.097 µmol) was diluted to a final volume of 10 mL (0.97 µM). Also, (C59N)2 (1.47 mg, 1.02 µmol) was dissolved in 100 mL toluene (10.2 µM). Then, 3 mL of the diluted [10] CPP toluene solution was placed into a cuvette and the (C59N)2 toluene solution was added in 15 µL increments. The UV-Vis and fluorescence spectra were measured each time. The formation of [10] CPP⊃(C59N)2⊂ [10] CPP, in a [10] CPP to (C59N)2 at a 2:1 stoichiometry, was proved by Job plot analysis following changes in the absorption band of [10] CPP-(C59N)2-mixture centred at 340 nm.
